Bacterial nucleotidyl cyclase toxins are potent virulence factors that upon entry into eukaryotic cells are stimulated by endogenous cofactors to catalyze the production of large amounts of 35-cyclic nucleoside monophosphates. The activity of the effector ExoY from Pseudomonas aeruginosa is stimulated by the filamentous form of actin (F-actin). Utilizing yeast phenotype analysis, site-directed mutagenesis, functional biochemical assays, and confocal microscopy, we demonstrate that the last nine amino acids of the C terminus of ExoY are crucial for the interaction with F-actin and, consequently, for ExoY's enzymatic activity in vitro and toxicity in a yeast model. We observed that isolated C-terminal sequences of P. aeruginosa ExoY that had been fused to a carrier protein bind to F-actin and that synthetic peptides corresponding to the extreme ExoY C terminus inhibit ExoY enzymatic activity in vitro and compete with the full-length enzyme for F-actin binding. Interestingly, we noted that various P. aeruginosa isolates of the PA14 family, including highly virulent strains, harbor ExoY variants with a mutation altering the C terminus of this effector. We found that these naturally occurring ExoY variants display drastically reduced enzymatic activity and toxicity. Our findings shed light on the molecular basis of the ExoY-F-actin interaction, revealing that the extreme C terminus of ExoY is critical for binding to F-actin in target cells and that some P. aeruginosa isolates carry C-terminally mutated, low-activity ExoY variants.
Pseudomonas aeruginosa is an opportunistic human pathogen causing severe infections of both healthy and immuno-compromised individuals (for review see Refs. 1 and 2). To manipulate eukaryotic host cells, P. aeruginosa injects effector proteins by a type 3 secretion system (T3SS) 3 to the target cells (for review see Refs. 3 and 4) . Upon delivery, the effector proteins interact with specific eukaryotic cofactors and become potent enzymes that hijack cellular processes (5) (6) (7) . ExoY, one of the most prevalent T3SS effectors of P. aeruginosa (8, 9) , generates cGMP and cAMP upon interaction with its specific cofactor, F-actin (10) . The binding of ExoY to F-actin stabilizes actin filaments and alters their turnover (10) . In cell culture experiments, ExoY causes the formation of gaps between endothelial cells, thus increasing permeability of the endothelial monolayer in lungs (11, 12 ) (yet these effects were not observed by other groups (13, 14) ). Very recently, two groups independently demonstrated that ExoY activity also leads to the inhibition of the host immune responses by suppressing the activation of TAK1 and decreasing the production of IL-1␤ (15, 16) . In vivo in animal models, ExoY was shown to cause severe lung damage in rats (17) and mice (18) .
ExoY was identified by Yahr et al. (19) as a 378-amino acidlong protein that shares sequence similarity with well-characterized calmodulin-activated adenylyl cyclases from Bordetella pertussis (CyaA) and Bacillus anthracis (edema factor). These toxins share highly conserved regions responsible for catalysis but are different in regions predicted to bind the activator (19, 20) . Structural models of the CyaA-calmodulin and edema factor-calmodulin complexes, solved by X-ray diffraction and supplemented by numerous biophysical studies and mutagenesis analysis, give insight into the activator recognition and the rearrangements of the active center upon calmodulin binding (21) (22) (23) (24) . A partial crystal structure of ExoY was recently published by Khanppnavar and Datta (25) , but unfortunately the protein was extensively trimmed by proteases before crystallization, and many important regions were lost and not seen in the structure. In this study we characterize an ExoY region located at the C terminus of the enzyme, which is required for the interaction with F-actin and therefore enzymatic activity in vitro.
Results

C-terminal deletions abolish enzymatic activity of ExoY in vitro and affect toxicity in a yeast model
Overexpression of ExoY from P. aeruginosa PAO1 strain impairs yeast growth (10, 26) . To define the ExoY polypeptide regions, which are necessary for toxicity in Saccharomyces cerevisiae, we performed an ExoY deletion analysis. We cloned different ExoY variants under a galactose-dependent promoter (PGal 1,10 ), transformed the ExoY-bearing plasmids in yeast, and assessed cell growth under conditions of high ExoY expression (galactose-containing medium), intermediate expression (a mixture of galactose and glucose), or no ExoY expression (glucose-containing medium).
Yeast expressing WT ExoY or the variants deleted of the first 10 or 20 N-terminal residues failed to grow (Fig. 1A) on galactose-containing (inducing) media. In contrast, a yeast strain expressing an ExoY variant lacking the 30 N-terminal amino acids displayed a moderate growth on galactose-containing media indicating loss of toxicity of this variant. Hence, whereas the N-terminal 20 amino acids are clearly dispensable for ExoY toxicity in yeast (actually these residues may correspond to a T3SS secretion signal (27) ), deletion of 10 additional amino acids at the N terminus likely impairs the catalytic core of ExoY. Indeed, according to a secondary structure prediction performed by PSIPRED server (28) (data not shown) and the recently published ExoY crystal structure (25) , the first ␣-helix of the catalytic core is predicted to start at Asp-25 of ExoY, whereas the extreme N terminus is predicted to be intrinsically disordered.
ExoY toxicity in yeast decreased progressively with increasing length of the deletion from the C terminus. Whereas the five C-terminal amino acids, seemed to be dispensable showing no effect on toxicity, yeast cells expressing an ExoY variant with deletion of the last seven residues (⌬C7) grew moderately on galactose, whereas a strain expressing a variant lacking the last nine amino acids (⌬C9) showed unimpaired growth on galactose-containing media. This indicates that the ⌬C7 and ⌬C9 deletions severely decreased or abolished the ExoY toxicity in yeast. Interestingly, these ExoY variants with C-terminal deletions appeared to be much more highly expressed than the WT form in vivo (Fig. 1B) . Likely, yeast cells could tolerate a much higher expression of these truncated toxin variants because of the drastic drop of their toxicity. To confirm these observations, we purified the corresponding recombinant ExoY variants and measured their guanylyl cyclase activity in vitro in the presence of F-actin. As shown in Table 1 , deletion of the five C-terminal amino acids resulted in Ͼ99% loss of enzymatic activity, and deletion of the last nine amino acids fully abolished the enzymatic activity of the protein. It is noteworthy that ExoY ⌬C5 remained highly toxic in vivo despite its strongly reduced A and D, the viability of yeast strains possessing an empty vector, complete ExoY, ExoY bearing N-terminal (⌬N10, ⌬N20, ⌬N30) or C-terminal deletions (⌬C3, ⌬C5, ⌬C7, ⌬C9), ExoY variant from PA14 strain, and 19 ExoY mutants bearing single or double mutations ( Fig. 1D ) was assessed by a drop-test technique, by applying a normalized yeast culture in several dilutions on the plate containing 2% glucose (no ExoY expression), a mixture of 2% galactose and 0.02% of glucose (intermediate expression level), or 2% galactose (high ExoY expression level). D is composed of two agar plate photos, corresponding to one experiment. B and E, the toxin expression levels in yeast grown on 2% galactose were determined by Western blotting (WB). Following SDS-PAGE with yeast lysates and blotting to PVDF, the membrane was cut into two parts. The upper part was incubated with anti-Myc antibodies (9B11), and the lower part was incubated with anti-RPS9 serum for loading control. The figure is composed of two gels corresponding to one experiment. C, sequence alignment of the C terminus of ExoY variants from P. aeruginosa PAO1 and PA14.
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enzymatic activity (yet partly balanced by a higher expression level). These observations highlight the high sensitivity of yeast cells to ExoY toxicity.
We then employed site-directed mutagenesis to identify within the C-terminal region the residues that might be crucial for ExoY activation by F-actin. Nineteen ExoY variants with single or double substitutions in the region spanning residues Ser-366 to Val-378 were cloned and expressed in S. cerevisiae. ExoY variants possessing single mutations in F367A or L371G remained toxic in the conditions of high ExoY expression but grew better than the WT ExoY-expressing yeast strain on the intermediate expression conditions (Fig. 1 , D and E), suggesting that these mutations decreased ExoY toxicity. In agreement with the in vivo data, the variants with single mutations F367A or L371G showed decreased activity in vitro compared with the WT (Table 1 ). As noted above for ExoY ⌬C5, comparison of the in vitro measured guanylyl cyclase activities and in vivo toxicity assays points to high sensitivity of yeast toward ExoY toxicity, because toxin variants with low enzymatic activity drastically decreased yeast viability. Altogether, these results clearly indicate that the C terminus of ExoY is crucial for the enzymatic activity and toxicity in yeast.
The PA14 variant of ExoY has diminished enzymatic activity and is less toxic when expressed in yeast
Interestingly, the ExoY protein expressed in the P. aeruginosa reference strain UCBPP PA14 (here called PA14) contains several amino acid substitutions as compared with that of PAO1, including an altered and extended C terminus (Fig. 1C ) that results from a frameshift mutation close to the 3Ј end of the gene. To study the biological properties of this naturally occurring variant, we expressed the corresponding protein in yeast. When expressed at intermediate levels in yeast, we observed diminished toxicity of this ExoY variant compared with the WT ExoY of P. aeruginosa PAO1 ( Fig. 1A ). However, in vitro the guanylyl cyclase activity of the purified PA14 ExoY variant amounted to only 1% of that of the WT toxin ( Table 1 ). The PA14 ExoY variant has several additional amino acid substitutions (D110N, R141Q, S227N, and V320L) in addition to the changes affecting the C terminus. To exclude the possibility that these amino acid substitutions contribute to the largely diminished activity of the PA14 ExoY variant, we created a PA14 -PAO1 chimera, possessing the C terminus of the WT PAO1 toxin (PA14 ExoY residues Met-1 to Phe-373, then five amino acids from PAO1 ExoY, Phe-374 -Val-378). The C-terminal substitution restored full activity of the PA14 variant, indicating that the modified C terminus was the only reason for reduced activity of this toxin variant (Table 1) . Interestingly, a blast search in the database of P. aeruginosa genomes (https:// www.patricbrc.org/; Ref. 45) 4 revealed 118 strains harboring the same frameshift mutation at the C terminus of ExoY (Table  S1 ). Our results thus indicate that a large number of P. aeruginosa strains from environmental or clinical sources may express an ExoY protein with strongly reduced enzymatic activity and consequently a much reduced toxicity in yeast.
C-terminal deletions abolish ExoY binding to actin in vitro
To test whether the alteration of the C terminus of ExoY could affect the interaction with F-actin, we performed cosedimentation experiments (Fig. 2, A and B) with ExoY variants and preformed F-actin. The single mutation L371G largely impaired the interaction of ExoY with F-actin (estimated K d Ͼ 10 M), whereas the C-terminal deletions of five or nine residues (⌬C5 and ⌬C9) completely abolished binding to F-actin. The F367A and PA14 ExoY variants appeared to be less stable in solution and were partly found in the pellet fraction already in the absence of actin thus precluding accurate F-actinbinding analysis. More noticeably, the PA14 -PAO1 chimera showed similar binding to actin as WT PAO1 ExoY (K d ϭ 1.9 Ϯ 0.4 and 1.1 Ϯ 0.1 M, respectively). Additional F-actin-binding assays were also performed in experimental conditions favoring the solubility of the ExoY proteins (i.e. high NaCl concentrations instead of low KCl; Fig. 2 , D and E). These data confirmed the impaired interaction of the PA14, F367A, and L371G variants with F-actin (all exhibited K d values of Ͼ10 M), and similar binding of PA14 -PAO1 chimera and WT ExoY to F-actin (K d ϭ 1.2 Ϯ 0.2 and 1.1 Ϯ 0.3 M, respectively).
Finally, we carried out independent binding studies using pulldown assays that fully corroborate the results from cosedimentation experiments ( Fig. 2C ). Therefore, we conclude that the C-terminal mutations or deletions impair or completely abolish F-actin binding and, in turn, result in decreased enzymatic activity and diminished toxicity in our yeast model.
Fusion proteins containing the very C terminus of ExoY bind to F-actin
We designed and produced a set of eight fusion proteins in which various segments of the ExoY polypeptide chains (excluding the conserved catalytic core regions, as predicted by a Phyre 2 homology model (29) , highly similar to the recently published ExoY structure; see Fig. 3A and Fig. S1 ) were fused to the maltose-binding protein (MBP), via a glycine-serine linker (Fig. 3, A and B) . The MBP-fusion proteins were tested for their ability to bind to F-actin in cosedimentation assays ( Fig. 3C ). SDS-PAGE analysis of supernatant and pellet fractions demonstrated that two proteins containing either the 39 or 19 last amino acids of ExoY (MBP-ExoY 340 -378 or MBP-ExoY 360 -378 respectively) interact with F-actin. The cosedimentation of 
a Enzymatic activities of WT PAO1 ExoY (WT), C-terminal deletion mutants (⌬C5 and ⌬C9), two variants with single mutations (F367A or L371G), a PA14 ExoY variant, and a PAO1-PA14 chimera were measured as described under "Material and Methods" in the presence of 1 M F-actin and 2 mM GTP. Mean values and standard deviations were calculated as a result of three independent measurements.
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these MBP fusions varied in a dose-dependent manner with the concentration of F-actin ( Fig. 3D ).
To estimate the binding affinity of the C-terminal extremity of ExoY to F-actin, we used another MBP-ExoY fusion, MBP-ExoY 346 -378 , and performed cosedimentation assays with phalloidin-stabilized F-actin ( Fig. 3E ). The presence of phalloidin decreased the concentration of nonpolymerized actin at steady-state to nearly zero and thus allowed us to reliably quantify the unbound MBP-ExoY 346 -378 fusion in the supernatant fractions (instead of the bound fractions in the above experiments; in this latter case, the bound MBP-ExoY fusions could not be accurately determined by SDS-PAGE because they migrated too close to actin). From these experiments, performed under nearly physiological ionic conditions, a dissociation constant (K d ) of 10 Ϯ 1 M was estimated for the interac-tion of MBP-ExoY 346 -378 with phalloidin-stabilized F-actin ( Fig. 3F ). Under similar conditions WT ExoY interacted with F-actin with a K d of ϳ1.0 M (10).
To confirm the direct interaction between the C-terminal extremity of ExoY and F-actin, we performed cross-linking experiments with a photoactivatable cross-linker benzophenone-4-maleimide (BPM). This reagent is a heterobifunctional chemical compound consisting of a maleimide group that can form a covalent bond with cysteines and a UV-activatable benzophenone group that can react with various side chains of proteins. Because the fusion protein MBP-ExoY 360 -378 does not possess a native cysteine, we designed and produced three MBP-fusion proteins in which we introduced a single cysteine either by substituting the residues Leu-371 (MBP-fusion L371C ) or Phe-373 (MBP-fusion F373C ) with a cysteine or by adding an The upper band corresponds to ExoY, and the lower band corresponds to actin. B, the fractions of ExoY variants that cosedimented with F-actin were quantified by densitometry using ImageJ software and plotted against actin concentrations. Error bars correspond to standard deviations of three independent experiments. C, pulldown experiment with F-actin and ExoY variants performed as follows: 12 g of ExoY variants and/or 12 g of F-actin were added to nickel-nitrilotriacetic acid-agarose beads and incubated for 1 h at 4°C. The samples were washed three times with a buffer containing 20 mM imidazole and eluted by addition of hot Laemmli buffer. Corresponding amounts of bound (El) and unbound (flow through, FT) fractions were analyzed by SDS-PAGE, stained with Coomassie, or blotted and incubated with anti-actin antibodies (WB, anti-actin C4 Abcam). The upper band corresponds to ExoY, and the lower band corresponds to actin. The figure is composed of three parts of two gels corresponding to the same experiment. D, SDS-PAGE analysis of supernatant and pellet fractions after ultracentrifugation of 2 g (3 M) of ExoY variants in the absence or presence of actin in high ionic strength conditions. The upper band corresponds to ExoY, and the lower band corresponds to actin. In this set of experiments, ExoY proteins (3 M) were incubated with actin (indicated concentrations) polymerized to a steady state in the presence of 150 mM Tris, pH 9.0, 360 mM NaCl, 20 mM MgCl 2 , 1 mM DTT, and 2.5 mM ATP. These experimental conditions were chosen to maintain ExoY variants in a soluble form and prevent nonspecific aggregation/sedimentation. E, the fractions of ExoY variants that cosedimented with F-actin were quantified by densitometry using ImageJ software and plotted against actin concentrations. Error bars correspond to standard deviations of three independent experiments.
extra cysteine at the very C terminus, Cys-379 (MBP-fusion C379 ). The L371C and F373C substitutions decreased binding of the MBP fusion to F-actin ( Fig. 4A ), and therefore, the corresponding proteins were not suitable for the following cross-linking experiments. On the other hand, the added cysteine at the C terminus, Cys-379 (MBP-fusion C379 ), did not interfere with binding to F-actin (Fig. 4A ). The MBP-fusion C379 protein was first incubated with BPM in the dark; then the reagent was removed; and F-actin was added. After a short UV exposure to photoactivate the benzophenone group, the mixture was ultracentrifuged, and supernatant and pellet fractions were analyzed by SDS-PAGE. As shown in Fig. 4B , a band of 110 kDa, which was observed in these conditions, (Fig. 4B ) likely corresponds to a photocross-linked product between actin (42 kDa) and the MBP-fusion protein (45 kDa, migrates as a 55-kDa protein), because it was not detected in the control sample not exposed to UV. The presence of both MBP-fusion protein and actin in the 110-kDa band was confirmed by Western blotting with either HisProbe (to detect the MBP-fusion) or actin-specific antibodies (Fig. 4B ). This experiment thus demonstrates a direct interaction between the C terminus of ExoY and F-actin.
Peptides from the C terminus of ExoY, inhibit activity of the toxin in vitro
Two peptides of 32 or 20 amino acids (pep1 and pep2), derived from the C terminus of ExoY and corresponding to residues Lys-347-Val-378 and Trp-359 -Val-378, respectively ( Fig. 5A ), were synthesized, and their effects on ExoY activity and/or ExoY-F-actin interaction were tested. A third peptide (pep3), corresponding to a distinct ExoY sequence (residues Pro-169 -Pro-182 are part of the fusion protein MBP-ExoY 155-194 that did not bind F-actin in cosedimentation experiments; Fig. 3C ), was used as a control. Pep1 and pep2, when added to the reaction mixture, significantly inhibited ExoY's guanylyl cyclase activity in a dose-dependent manner (Fig. 5B ). The control peptide pep3 had a limited effect on the 
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guanylyl cyclase activity only at the highest concentration tested.
The addition of peptides to the mixture of ExoY and F-actin slightly decreased the amount of ExoY that could bind to F-actin in cosedimentation experiments (Fig. 5, C and D) . The effect of peptides was more evident using the MBP-ExoY 360 -378 fusion protein, demonstrating a direct competition with the MBP-fusion protein for actin binding (Fig. 5, E and F) . In both cosedimentation experiments, the control peptide pep3 did not affect the interaction of F-actin with ExoY or MBP fusion.
Actin mutation D25N abolishes binding of F-actin to ExoY
We have previously identified and characterized a yeast strain bearing a mutation D25N in actin that rendered yeast resistant to ExoY. In addition, yeast lysate prepared from this strain did not activate ExoY in vitro, suggesting defects in the ExoY-actin interaction (10) . Asp-25 of actin is a solvent-exposed residue distant from actin-actin contacts in F-actin. Its mutation disturbs the interaction of F-actin-binding proteins with filaments without preventing actin polymerization (30). Here we purified WT and D25N actin from S. cerevisiae to directly assess the ExoY-F-actin interaction using cosedimentation assays. As expected, ExoY was found mostly in the pellet when WT yeast actin was used (Fig. 6, A and B) . On the contrary, ExoY did not cosediment with D25N-F-actin, indicating that the mutation D25N in actin abolished ExoY-F-actin interaction. Then we performed the same cosedimentation experiments with yeast F-actin using a MBP-ExoY 360 -378 fusion, instead of the full-size toxin. In agreement with the above results, we observed cosedimentation of the fusion protein with WT yeast actin, whereas the D25N mutation fully abolished binding of the MBP-fusion protein to F-actin ( Fig. 6, C and D) . These experiments indicate the critical importance of Asp-25 of actin for the interaction with ExoY and suggest that the extreme C terminus of ExoY interacts with F-actin in close proximity to actin Asp-25.
Actin D25N mutation and the C-terminal deletion of ExoY impair GFP-ExoY-actin colocalization in yeast
Previously we observed the colocalization of GFP-ExoY K81M with F-actin-rich structures in transfected mammalian cells by confocal microscopy (10) . To confirm the key role of actin Asp-25 and the C-terminal extremity of ExoY in ExoY-F-actin interactions, we examined the colocalization of these proteins in yeast cells by confocal microscopy. For these experiments, we used the catalytically impaired K81M ExoY variant to circumvent the high toxicity of the WT toxin. Plasmids encoding GFP, GFP-ExoY K81M , or a GFP-ExoY K81M ⌬C9 (GFP fused to ExoY K81M lacking the nine C-terminal residues) were transformed either in the S. cerevisiae SC489 strain that expresses WT actin or in the strain SC691 that expresses the D25N actin mutant. The cells were fixed, and F-actin was stained with Alexa Fluor 647 phalloidin, a high-affinity F-actin fluorescent probe (Fig. 7A 8 ) . We observed clustering and peripheral location of GFP-ExoY K81M in the presence of WT actin, whereas GFP or GFP-ExoY fusions expressed in the presence of WT or D25N actin, respectively, were uniformly distributed in the cells (Fig. 7, A and B) . F-actin distribution was not modified in any of these strains, although yeast cells expressing GFP-ExoY K81M and WT actin were found to be slightly larger than the other three strains (Fig. 7B ). In the strain expressing GFP-ExoY K81M and WT actin, the phalloidin fluorescence intensity was slightly higher (n ϭ 20 cells; p Ͻ 0.001; two-tail Student's t test) than in others (Fig. 7C ). This is consistent with our previous observations that ExoY recruitment along the side of F-actin increases the overall content of F-actin in transfected mammalian cells by stabilizing filaments and disturbing the balance of their assembly and disassembly by eukaryotic actin-binding C terminus of P. aeruginosa ExoY proteins (10) . Calculated Mander's coefficient, a correlation between the fluorescence signals in two channels, of 0.75 Ϯ 0.13, confirmed colocalization of ExoY K81M with F-actin ( Fig. 7D) . However, in the other three yeast strains, the low value of the coefficient indicated a lack of colocalization of either ExoY K81M with D25N F-actin or ExoY K81M ⌬C9 with WT F-actin.
Discussion
Previously we demonstrated that F-actin is the eukaryotic cofactor necessary for activation of ExoY after delivery into target cells (10) . Here we further characterized the molecular basis of the ExoY-actin interaction and show that the extreme C terminus of ExoY is crucial for binding to F-actin. Deletion of the last nine amino acids of ExoY (⌬C9) completely abolished its toxicity in a yeast model and abrogated ExoY binding to F-actin in vitro, leading to a complete loss of its enzymatic activity. However, the ⌬C9 deletion did not affect the apparent stability of the protein because the ⌬C9 variant accumulated to high levels in yeast, was well-produced in Escherichia coli, and remained stable in a soluble form after purification. Notably, the C-terminal region is absent from the recently published partial structure of ExoY (25) , which was partially proteolysed before crystallization. It is likely that in the absence of the F-ac-tin activator, the C-terminal region is too flexible to allow crystallization. A flexible C-terminal polypeptide may indeed facilitate the molecular recognition of F-actin according to a flycasting mechanism (31) .
In this study we demonstrated that ExoY can bind to F-actin in the presence of a high ionic strength, which suggests that the binding is mediated in part by hydrophobic interaction. This is fully consistent with our observation that two hydrophobic amino acids, Phe-367 and Leu-371 of ExoY, are implicated in the interaction with F-actin.
We further demonstrated that the last 20 -30 C-terminal residues of ExoY can directly interact with F-actin. However, the lower affinity of an MBP-fusion protein, containing the last 32 amino acids, compared with the full-length ExoY, suggests that other region(s) also contribute to the toxin's interaction with its activator. A similar pattern of enzyme-activator interactions involving several spatially separated interacting regions has been reported for the calmodulin-activated adenylyl cyclase toxins from B. pertussis: peptides corresponding to a H-helix peptide or loop-helix-loop motif of CyaA (residues 234 -254 and 341-364) independently contribute to high-affinity calmodulin binding (21, 23). 
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Based on our present results, we can propose a schematic model for ExoY-F-actin interaction ( Fig. 8 ) and subsequent activation of the toxin nucleotidyl cyclase activity. In the absence of activator, in P. aeruginosa, ExoY is inactive likely because key catalytic loops are not properly folded to permit catalysis as has been reported for the related calmodulin-activated adenylate cyclases (32) . Once being delivered by the T3SS into the target eukaryotic cell, ExoY may first bind to actin filament via its C-terminal extremity, which may work as a flexible bait to capture F-actin. Our present data further suggest that the C terminus may contact actin in the proximity of actin Asp-25, a key residue for ExoY-F-actin interaction (Fig. 8, step  1) . In a second step the core ExoY domain may then interact with an adjacent actin molecule on the filament and contribute to the stabilization of the complex. This additional interaction would trigger a conformational change resulting in the reshaping of the catalytic site into enzymatically active conformation ( Fig. 8, step 2 ). This simple model would thus explain why ExoY is activated only in the presence of F-actin.
Several effectors from different Gram-negative bacteria have also been shown to interact with F-actin. For example, Salmonella enterica SipC and Chlamydia trachomatis Tarp effectors are known to nucleate actin and bundle F-actin to promote bacterial invasion (33, 34) . Although high-resolution SipC-Factin or Tarp-F-actin structures are not yet available, biochemical studies have identified short amino acid sequences in these toxins that are involved in their binding to F-actin (34, 35) . However, no obvious conserved motifs can be found between the actin-binding regions of these effectors and the C terminus of ExoY.
Another Salmonella effector, SipA, binds and stabilizes actin filaments hijacking target cell cytoskeleton to promote pathogen internalization. Low-resolution electronic microscopy studies revealed that a single SipA polypeptide connects adjacent actin protomers inside the interstrand cleft of actin filaments (36) . Similar to SipA, Vibrio parahemeolyticus VopV, an effector that is required for bacteria-induced enterotoxicity, binds to the interstrand cleft of actin filaments (37) . Unlike SipA or VopV, the C terminus of ExoY interacts with actin in close proximity to Asp-25 of actin. Therefore, these effectors unlikely share the same interaction sites with ExoY on F-actin.
In silico analysis of ExoY-bearing strains present in the Patric database revealed a frequently occurring frameshift mutation in the exoY gene, which alters the extreme C terminus of the toxin. This mutation occurs in a region containing five consequent thymidines, which might be prone to deletions during DNA replication. These variants are found in particular in various P. aeruginosa isolates belonging to the PA14 family. We show here that because of this mutation of the very C terminus, the PA14 ExoY variant has impaired toxicity in the yeast model and drastically decreased guanylyl cyclase activity in vitro. Virulent P. aeruginosa strains bearing T3SS are divided into two major groups, termed PAO1 and PA14-like, based on the presence of the respective effectors: ExoS, a multifunctional toxin, which modulates cytoskeleton organization, trafficking, etc., or ExoU, a phospholipase. In our analysis, all 118 strains with this particular ExoY allele were ExoU-positive. The toxicity of these strains is largely determined by the activity of ExoU, causing a rapid host cell death by cell lysis (38, 39) . One could speculate that strains that bear this powerful phospholipase do not need a fully functional ExoY anymore. Alternatively, the ExoY activity in these strains might be adjusted to maintain an appropriate interplay between the different effectors. Our present results thus raise intriguing questions about the potential advantages for ExoU-producing P. aeruginosa strains of harboring a disabled ExoY effector.
The precise role of ExoY in P. aeruginosa infection still remains largely unclear. ExoY has been proposed to alter cell integrity leading to loss of endothelial cell barrier integrity (11, 17) , although more recent results suggest that it may also contribute to dampen the host innate immune responses (15, 16) . Inactivation of these ExoY functions may be beneficial at certain stages or forms of the bacterial infection. This should be addressed in future studies.
Materials and methods
Bacteria and yeast strains, plasmids, and growth conditions
Strains, plasmids and primers are listed in Table S2 . Plasmid constructions are described in the supporting Materials and methods. E. coli strains were grown in lysogeny broth medium. Ampicillin (100 g/ml) or kanamycin (50 g/ml) was added for plasmid maintenance in E. coli. S. cerevisiae strains were grown in rich yeast extract-peptone-dextrose or in minimal medium containing yeast nitrogene base without amino acids (Difco) containing galactose or glucose, and supplemented if required with uracil, histidine, leucine, tryptophane, or adenine. Glucose and galactose were present at 2% unless specified. For medium solidification, agar was added at 1.5%. S. cerevisiae strains were transformed using the lithium-acetate method (40) . Yeast viability upon ExoY expression was analyzed by drop test: 5-fold serial dilutions of cell suspensions prepared from overnight agar cultures normalized by A 600 measurements were spotted onto agar plates containing the required supplements. The plates were incubated for 2-3 days at 30°C.
Analysis of ExoY expression levels in yeast was performed as follows: yeast cells were incubated in a liquid galactose-contain- 
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ing medium for 16h at 30°C. Cells corresponding to 1 ml of A 600 1.0 were washed with 0.1 M NaOH, resuspended in 50 l of 1ϫ Laemmli sample buffer, and boiled for 5 min at 95°C. 10 l of the extracts were separated by SDS-PAGE, followed by Western blotting analysis and incubation with anti-Myc (9B11, Abcam) or anti-RPS9 serum (polyclonal rabbit antibodies were a generous gift of Prof. S. Rospert).
Protein purifications
Recombinant ExoY variants containing a C-terminal FLAG-His 6 tag were purified under denaturing conditions as described before and were kept in buffer, containing 500 mM NaCl, 20 mM Tris, pH 9.0, 10% glycerol, 1 mM DTT (10) . Maltose-binding protein fusions with complete ExoY or ExoY fragments were purified from BL21 DE3 E. coli transformed with corresponding plasmids. The cells were grown at 37°C for 3 h, and then IPTG was added to a final concentration of 1 mM, followed by 2 h of expression at 37°C. The cells were harvested by centrifugation; resuspended in buffer A containing 300 mM NaCl, 20 mM Tris, pH 8.0; and lysed by sonication. The soluble fraction was applied on nickel-iminodiacetic acid resin and eluted by buffer A, supplemented with 250 mM imidazole. The eluates were dialyzed against buffer B, containing 150 mM NaCl, 20 mM Tris, pH 8.0, 10% glycerol and kept at Ϫ20°C.
Yeast actin was purified according to the DNase I affinity method (41, 42) and was kept on ice in G buffer (5 mM Tris, pH 7.8, 0.1 mM CaCl 2 , 0.2 mM ATP, 1 mM DTT). To ensure complete actin functionality, after purification the protein was recycled by polymerization/depolymerization (10, 43) . Rabbit skeletal muscle ␣-actin was purified according to the method of Spudich and Watt as described previously (10, 43) .
Measurement of ExoY activity in vitro
ExoY-catalyzed synthesis of cGMP was measured as described previously (10) . Reactions were carried out for 10 min at 30°C in the presence of 1 M of F-actin, 50 ng (22.7 nM) of ExoY, and 2 mM GTP spiked with 0.1 Ci of [␣-33 P]GTP.
Pulldowns and cosedimentation assays
Pulldown experiments with ExoY variants were performed as described previously (10) . F-actin cosedimentation assays with complete ExoY proteins or with MBP fusions were performed using rabbit skeletal muscle ␣-actin or yeast actin. For Figs. 2, 3 (C and D), 4, 5, and 6, actin was polymerized to steady state by adding Tris, pH 8.0, KCl, MgCl 2 , DTT, and ATP to a final concentration of 150, 150, 20, 1, and 2.5 mM, respectively. To study F-actin-binding properties of the full-length ExoY (Fig. 2, A  and B) , 5 l of F-actin was mixed with 10 l of ExoY at 0.2 mg/ml (in 20 mM Tris, pH 9.0, 500 mM NaCl). To study F-actinbinding properties of the fusion proteins (Figs. 3, C and D, and 4A), 13 l of F-actin was mixed with 2 l of fusion protein at 1.0 mg/ml (in 20 mM Tris, pH 8.0, 150 mM NaCl). For the competition assays (Fig. 5 ), 5.5 l of preformed F-actin was mixed with 7.5 l of peptide (in 20 mM Tris, pH 8.0, 150 mM NaCl; synthesized by Genosphere with Ͼ95% purity) and 2 l of 1 mg/ml of ExoY (in 20 mM Tris, pH 9.0, 500 mM NaCl) or 2 l of the 1 mg/ml fusion protein (in 20 mM Tris, pH 8.0, 150 mM NaCl). For the cosedimentation experiments with yeast actin (Fig. 6 ), 13 l of preformed F-actin was mixed with 2 l of 1 mg/ml of ExoY (in 20 mM Tris, pH 9.0, 500 mM NaCl) or 2 l of the 1 mg/ml fusion protein (in 20 mM Tris, pH 8.0, 150 mM NaCl). For cosedimentation assays with complete ExoY proteins in the conditions of high ionic strength (Fig. 2, D and E) , actin was polymerized to a steady state by adding Tris, pH 9.0, NaCl, MgCl 2 , DTT, and ATP to a final concentration of 150, 360, 20, 1, and 2.5 mM, respectively. High ionic strength and pH 9 were chosen to maintain ExoY in a soluble form. Then 4 l of 0.5 mg/ml ExoY variant (in 20 mM Tris, pH 9.0, 500 mM NaCl) was added to 11 l of F-actin. The mixtures of preformed F-actin, MBP-fusion proteins, full-length ExoY variants, or peptides were incubated for 5 min at room temperature and were centrifuged at 100,000 ϫ g for 60 min at 4°C. Supernatants and resuspended pellet fractions were analyzed by SDS-PAGE on 4 -12% precast gradient gels. Because of similar protein sizes of ExoY and actin (44 and 42 kDa, respectively), quantification of ExoY in the pellet fraction was derived from the amount of unbound ExoY measured by plotting intensity values across lanes, followed by calculation of the area under the curve using ImageJ software.
The measurement of the binding affinity of MBP-ExoY 360 -378 to phalloidin-stabilized F-actin by cosedimentation assays (Fig. 3 , E and F) was performed from F-actin polymerized at steady state overnight in 100 mM KCl, 10 mM Tris, pH 7.8, 4 mM ATP, 6 mM MgCl 2 , 5 mM tris-(2-carboxyethyl) phosphine hydrochloride in the presence of a 2.5-fold excess of phalloidin over actin. Phalloidin did not modify the binding affinity of ExoY for F-actin (10) . MBP-ExoY 348 -378 was incubated with phalloidin-stabilized F-actin at steady state for 45 min at room temperature and ultracentrifuged at 200,000 ϫ g for 40 min at 4°C. Aliquots of supernatant and resuspended pellet fractions were loaded on gradient (4 -15%) SDS gel. The bound fractions were derived from the gradual depletion of the unbound protein in the supernatants ( Fig. 3E) , quantified by densitometry using ImageJ, and fitted as described previously (10) .
BPM cross-linking
The cysteine-containing MBP-fusion protein was reduced by incubation with 2 mM DTT at room temperature for 15 min. The sample buffer was exchanged to 300 mM NaCl and 20 mM Hepes, pH 7.4, on a desalting column. To perform the first step of cross-linking, BPM was added at a ratio of one MBP-fusion protein to two BPM molecules and kept in the dark on the ice overnight. The following day, excess of BPM molecules was inactivated by the addition of 2 mM DTT, followed by buffer exchange to 300 mM NaCl and 20 mM Hepes, pH 7.4, on a desalting column. The sample was mixed with steady statepolymerized F-actin at a 1 to 1 ratio and was radiated with UV light of 365 nm for 30 min to perform the cross-linking.
Confocal microscopy of yeast cells and image processing
Yeast cells bearing plasmids encoding GFP-ExoY fusions or GFP alone were grown overnight on a liquid minimal medium supplemented with 2% glucose at 30°C. The following day, the cells were washed twice with liquid minimal medium without sugars, diluted to an A 600 of 0.03 in minimal medium, supplemented with 2% galactose and 0.02% glucose, and grown for C terminus of P. aeruginosa ExoY 16 -18 h until the A 600 reached 0.2-0.4. The cells were harvested by centrifugation at 8,000 rpm, resuspended in PBS buffer, fixed by incubating with 4% formaldehyde for 20 min at room temperature, and then washed ones with PBS buffer. Alexa Fluor 647 phalloidin (Molecular Probes, Invitrogen) staining was performed by incubation of yeast cells with 0.66 M fluorescent phalloidin buffered with PBS and 0.5% of Triton X-100 at room temperature in the dark for 30 min, followed by two washes with PBS. We chose the phalloidin conjugated to a far red 670-nm fluorophore to ensure a signal separation from GFP. The cells were applied on concanavalin A-coated slides, mounted with FluoromontG, covered with round 1.5-thickness cover glass, and immediately processed. Image acquisition was performed in Leica TCS SP5 confocal laser scanning microscope, with 63ϫ oil-immersion objective (NA 1.4). Excitation was performed using argon (488-nm line) and HeNe lasers (633-nm line), and emission was recorded with hybrid (HyD) detectors. Leica Application Suite Advance fluorescence software was used to operate the microscope.
Raw data were analyzed and processed in ImageJ. For colocalization analysis, multicolor beads were used to correct for chromatic shift. Raw images were corrected and filtered using median filter with a pixel radius of 2, followed by background subtraction with a rolling ball radius of 10 pixels. Next, images were analyzed for colocalization with JACoP plugin (44) . Mander's colocalization coefficients of 10 cells are reported. This value is a correlation between the fluorescence signal in two channels (44) . Fluorescence distribution on green (GFP or GFP-ExoY) and red (actin) channel was assessed by plotting intensity profile of a straight cross-section of a yeast cell. To assess the yeast actin content, the fluorescence intensity in the phalloidin channel was measured using ImageJ software in randomly chosen individual cells.
